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Abstract

This report de{aik  our de~’elopment  of a computer con-
trolled spofJigh t with four acf uated degrees-of-frwdom
for pan, tilt, linear movement, and beam focusing. We
review the mechanical structure, Jiincmaf,ic  mode], cali-
hra Lion da La, and control algorithm. The resultant sys-
tem enaMes the spotJight  to maintain constant intensify
of the illumination of a surface, while changing the in-
ciden t angle  of the light. in this  way, we effec(ivejy
simulate the changing illumination experienced in low
carfh  or-bit. ~’he simulation system r’s currcnt]y  used to
test human and computer inspection of orbital p]a tform
mock ups for (Jw Space St a ticm l“reedom.

1 Introduction

l,atcr this decade, NASA will place in orbit around
Earth the Space Station Freedom (SSF),  which will be
used as a science station and home for astronauts for
30 years. Soon after its initial design, enginccril)g  re-
views revealed that simple inspection and maintenance
of the station \vould consume more ti]ne  than the as-
tronauts wou Id have [2]. ‘1’h is was reinforced by results
of the l,ong  l)uration lxposure  Facility  (1,1)1+  ;1”), w])ich
showed large  an~ou]lts  of damage fron) micro-meteorite
and atolnic oxygcvl  degradation while in orl.)il- for Jive
years [6]. l’o);”thcse  reasons, NASA sponsored 7’IIc Re-
mote Surface ]nspection  ‘.l’%k (Ml), a Jive year research
project, to investigate and develop ways to tcderoboti-
cally inspect SSF [4].

‘Jle 1{S1 task  has three main components: manipu-
lator control, graphical user interfacing, and autolnated
image processing. However, these components describe
parts of the inspection system, not the cnviromncnt  to
inspected. We have also created a realistic mockup of
part of the space station, complete with Orbital Re-
placement Units (ORUS), impact flaws, gas leaks, and
temperature anomalies. ‘1’his mockup is mounted on a

wall next to our robot manipulator syste]n (Robotics
Research K 1207 arm on a translating platform), in a
room wit])  black walls, ceiling and floor. Lighting is
provided by controlled lights and flashes on the end of
the arm, and by the Solar Simulation System, which is
the topic of this paper.

‘1’raditional solar simulators are designed for thermal
tests of actual spacecraft [5]. ‘1’0 accomplish this, they
utilize large vacuum chambers to 11OUSC  the spacecraft,
and collimated lightiug  froln arrays of xenon arc lamps.
13righiness up to an order of magnitude greater than
solar intensity is possible. To test the effects of changing
lighting direction, the entire spacecraft is rotated while
the illumination remains constant. Whi]e  this approach
is necessary for pre-flight  spacecraft testing, it is simply
not practical for robotic system prototype development,.

Alternatively, we have developed a small scale sim-
ulator which effectively mimics the relative motion of
the Sun in the sky, while still providing realistically
scaled illumination ]cvels. ‘J’he system is composed of
a spotlight mounted on a pan/tilt/t$rallsl atc platform.
Its ability to move spatially as well as lnodify  its beam
shape, enable it to provide constant intcnsiiy  illumi-
nation that changes angle of incidence al rates equal
to those experienced in low earth orbit. While  the
silnulatcd  solar illullli]lat,ion is only 1 .5X, that of true
orbi tal  su]lligllt,  tlIc irlsl)cction systmn ])rovidcs  c o m -
pensation l.)y adjust  lncnt, of controlled lighting IJosition,
strobe lig]lting pulses, and calncra  exposure times [1].
Therefore, the lighting conditions are a realistic test for
human and machine inspection algorithms.

This paper describes the design, control, and cali-
bration of the solar simulator, and is organized as fol-
lows, Section 2 provides a description of the electri-
cal and mechanic.al co]nponcnt,s of the solar simulator
system. ‘J’his is followed by the description of the kine-
matic model of the mechanical design, including the op-
tics of the lamp, in Section 3. Calibration of the lamp
is reviewed Section 4. Section 5 discusses the control



. . . .

.

system used to ensure desired lighting trajectories. Fi-
nally, a summary and acknowledgements are provided
in Sections 6 and 7.

2 Electro-Mechanical  Design

Figure  2 is a photograph of the solar illumination sinl-
ulalion  system’s robotic hardware, as it appears on the
cei]ingof the 1{S1  laboratory. The main component of
the the simulator is a 1500 Watt xenon arc lamp. It
has a cylindrical case which is about one third meter  in
height and diameter. The front, is covered with a Fresne]
lens, ]nside  is a translating carriage with the bulb and
its reflector. The carriage is moved by turning a lead
screw which protrudes through the back of the lamp,
and motion of this carriage varies the bea]n width.  ‘1’he
arc lamp hangs from a pan/tilt platform which trans-
lates  on a linear actuator mounted to the ceiling. ‘l’he
axis of the tilt goes roughly through the center of mass
of the lamp to reduce the necessary torque. lhc pan
axis intersects the tilt and translation axes at right
angles. Figure 1 clescribcs the motors, encoders, and
gearing employed in each of the four degrees-of-freedom
(DOF).

3 K inemat i c  Descr ip t i on

3 . 1  K i n e m a t i c  V a r i a b l e s

I“igurc 3 shows tllc solar illumination simulator as a five
l)OF system, which is represented by its state vector of
configuration variables, 0 = (p, U, p, ~, ~), where:

p, O, p Spherical coordinates from the lamp ccn-
tcr  to the projcctcd spot center.

A ‘Ilavel  of lamp from its origin frame.
‘Y lamp focus parameter indicating position

of bulb carriage on internal lead screw.

‘J’hcsc parameters have the following ranges:

D-
‘–h! IN

p“” 0.15 rn-
0 90”
P 60°
Ao

7  -.LnMAX

cK-
1/30”
120°
4.5 m

0.076 m

The corresponding task state vector, x = (“’A, s, Z),
is composed of the following variables which are also
shown in Figure 3:

‘ A

;

‘J’lIc  task

Cartesian \cctor from lvorld frame to cen-
ter of projcctcd  spot.
IIcaln angle from the lamp frame 11 axis.
]Jighi il~tcnsity a t  the cclltcr o f  tllc spot,
on  tl](: cIlvironnlcll[,

vector is obtained froln [lIC configuration vec-
tor  through the for~vard  kinematics: x = I’(6).

Finally, it is illll)ortal}t  10 Ilotc tllal although the
kinematics ])as  five 1)011’, only  four arc actuated. ]n the
configuration space, tllc unactuated and ul~n)casured
1101+’ is tl]c radial distance from the lanlp to the surface,
p. It’s value is calctllaicd fro]n the wser spcci{icd  w o r l d
coordinates, “A. ‘J’IJc  controller is open-loo]) for this
variahlc sillcc }]0 rca-tillic measurement of p is possible,

]n tllc task space, tllc unact(latcd  a n d  un}~lcasurcd
1101~ is the Iigllt intensity [it tl]c surface. Nlaintcnal]cc
of the intc])sity is IJcrforl)lcd ol)cll-loop b a s e d  o n  the
c a l c u l a t e d  ~aluc of p [i]ld tl]e  o p t i c s  ]nodc]  to bc de-
scribed.

3 . 2  Spa{ial Kinematics

‘J1he spatial Jiincmatics govern tllc distances and ang]cs

as depicted in ]’igure 3. ‘J’}lc trallsforll]atioll  hci~reen

the configuration] allcl task ~arial.)lcs  is providcxl  by the
forward kinematics, x = F(6):

‘r..=: psill dcosp+ A (1)

!1 “ psill Osin  y (2)

2 = p Cos o (3)
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Motor manfct
Model number
Output torque
Voltage
Gcarhead  ratio
Output torque
Encoder manfct
Model No.
Cnts/rcv
Encoder counts / motor rev
Post-encoder drive ratios
Out put force
Axis motion / e]]coder  count
Encoder cnts  / unit motion

Figure 1: Des

Actuator 1
Linear axis
Compumotor
DC 3353
80 in-oz

100 Vr)c
100:1
45o in-lbs
Compumot or

1000
1000
1:1
150 lbs
0.000059 in/cnt
267 X 106 13 C/m

——.—
Actuator 2
}’a u, ari9
hficrohfo
2842&024+23/1,66
3 in-oz
24 VDC
66:1
13S in-07.
PhlI
hf1501297
1000
15.15
20.5:1
177 in-lbs
o.o176”/cnt
]3050.71 EC/rad——. — .—.. .—

Actuator 3
Pitch aris
h{icro,Mo
2842& 024 C+23/1,246
3 in-oz
24 VDC
246:1
442 in-oz
PhfI
M2302805
1024
4.16
20:1
553 iu-lbs
0.01 7& ’/cnt
13037.97 W.31rad

Actuator 4
Bulb position
h{icroh~o
2842&024+23/1,66:1
3 in-oz
24 VDC
66:1
138 in-oz
PM1
M2302805
1024
15.52
4.125:1
] ] lbs
x 0.001 in/Cnt.
2689.08 ItC/rad

iption  of the motors, encoders, and gearing used in the Jigh fing system.

Figure  3: 11’he contigura  tion and task coordinates for the solar illumina tioJJ simrrlaf or system.

s =: atan2(@+ 22, A -- 2) (4)

(5)

W h e r e  ‘A = (z, y, z) is the vector f rom lamp f rame
origin to the illuminated spot. ‘1’he lamp frame is rep-
resented by the homogeneous transform “HI.

The inverse kinematics for this system, ~ = F-l(x),
are given below:

o ()z= COS-l –
P

(6)

(7)

P =  atan2(y, z – A) (8)

A = x – pcos(s) (9)

3

3 . 3  O p t i c a l  K i n e m a t i c s

‘Jo project a hcam of a desired intensity, it is rLcccs-
sary to rcvicy the optics of the lamp. Using the sill-lple
single lens n;odc]  shown in 1<’igure 4 wc have the lens

(lo)

where o, i, and j are the object, image, and focal dis-
tances. l’he  particular case of image and object on the
same side of the lens (i < O) is chosen since it matches
the situation with the spotlight. In this case the lamp
bulb appears to be at the location of the virtual image
and magnified by:

- 2
771 = — (11)

o

.



- R’:-
virlual s:---- ,:.;:

f

-----—— .— –+
i~agc ~ ~> ‘—=> ~;

illuminatwl
-. -=-----  -. —-— -- —-— ;.”:”::,:, —-— --

f
_ -_oyti Cal axis---- .— ----

object .;;;; f
----------- surface

(bulb) ~

-i*-—
<-——:4–––—----–  ----- ----—--- ---— --—---- ----- +

o r

Figure 4: The single lens optical  model for the lamp.

Assuming that the amount of light emitted by the bulb
is proportional to its apparent size, and the intensity at
the surface is proportional to the apparent, distance, vw
have:

z=c~
c

(r+i)’=~+o-  ~)’
(12)

where C is a constant to be determined by calibration,
and r is the distance from the lamp lens to the environ-
ment. The inverse of this equation is:

(13)

Fina]ly,  the variables r and o are related to the state
variables p and q by si]nple  offsets:

r~ p–p. (14)

o = y + y. (15)

‘lhe  parameter pO is the distance from the lens to the
lamp center of rotation. The parameter 70 is tbc dis-
tance from the lens to the most forward position of the
bulb.

4 Calibration

Calibration of the lalnp is needed to determine tllc ap-
propriate  values of the parameters C’, j, pO, and 70 froln
!l)c l~rcvious scctio)l. ‘J’o do tl]is, two sets of Incasu Ic-
]iIcmts wv2rc takeIl wi~h a  pho tome te r .  ‘1’0  rcducc 1 hc
intensity of the lam];  to tl]c measurement rallgc  of the
photometer, a neutral density filter was used. ‘1’hc nlea-
surcd intensity reduction of this filter  was 81Y0. g’here-
fore, all plotted values were divided by 0,19 to compen-
sate.

All optical calibration was done at the center of the
projected beam. This was done so that the simplest op-
tical ~ilodel could be employed, and since the intensity
distribution across the beam varied for different beam
center intensities. Figures 5 and 6 show this clearly for
the maximum and minimum settings of y. The logarith-
mic plot in Figure 7 accentuates the off-axis intensity

I cm

8ci03

~6ca
,2.
~

4C+03

2.+03

n -.

Figure 5: l,amj~ intensity cross-section for foremost
bulb position  and r = 2.17 m [85.5 in].

profile.
using the central beam location, the rc]ation  of in-

tensity  to lamp distance was obtained by lnoving  the
photometer along the optical axis with the bulb  at its
foremost and aftmost positions. Figure 8 shows the
measured data points and the predicted curves. The in-
tersection of these two curves provides the focal length
of the lens, .f % 0.18 m [7.25 in]. l’he  bulb offset
was first measured as yO == 0.0889 m [3.5 in] and then
adjusted to 0.0876 m [3.45 in] for a better curve fit.
‘J’he ]Icccssary  scaling factor to match the data was
C = 1.53 x 104 IUX .1112 [4.5 x IOG  IUX ill’].

Second,  tl]c photolnctci-  was II)ounted at a collsta))t
distance (r = 2.17 m [88.5 in]) with the axes of the lamp
and meter aligned. The bulb was moved from its fore-
most to its aftmost position in the lamp, and the inten-
sity was measured for each setting. Figure 9 shows the
measured data points, as well as the predicted curve.
These accurate results provide independent confirma-
tion of the extracted parameters. Further, it indicates
the functional shape between the two curves of Figure 8.
‘1’his can be more clearly seen by plotting Equation 12
as in Figure 10.

Finally, the value of p x 0.178 m [7 in] was deter-
mined by measuring the distance from the front lens

4
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Figure 6: Lamp intensity cross-section for af[rnost
bulb position and r = 2.17 m [85.5 in).

o
.,. .—, . . ..–  -L— –..1.. -.-1 . .1 .j

0.5 1 1.5 2 2.5 3 3.5
~css.=tiwd  dklamc (mckrs)

Figure 7: Comparison of lamp in(ensity  cross-sections
for wide and narrow beams at r = 2.17 m [85.5 in].
l,ogarilhmic plotting accentua  tes the off-axis structure.

to the p i t c h  axis. ‘1’o confirm the measurement, the
intensity at the illuminated surface was specified, and
corroborated with the photomct,er,

5 control

‘J’he control of the solar simulator has two levels: joint
and task level.

At the joint servo level, we usc Precision MicroCon-
trol’s  DCX VM100 programmable motor controllers.
‘1’he  DCX controller is a VMEbus  based system, with
the extensibility to control up to 6 motors at one time.
Communication is accomplished across the backplane,
using a driver written to emulate the serial communi-
cation  protocol provided by the company.

Because the encoders are incremental, calibration

~ ——.—- ~_–... _–_ _-_— .——T——..——.

1
\> crJc.inkrdy_mn’(r) —

cdc@ensity_wi.ie(r)  ----
‘lmp_i(r)_wkk.mW’ .* -.

‘$ ‘lamp_i(r)_nmmxl” +-

h‘\\
‘\\\

,,, \..._
. . . .

.\-- . . . .._.

---+ . . . . . .*.-––., -— ---- .–, —— .–– . ..1. –— . ..—–3 :.:?.-—=
o 0.5 I 1.5 2 2.5

dklancc  from km (mekm)’

Figure 8: Lamp intensity as a function of distance
from lamp lens. Also shown are the curve fits based  on
the optical  mode].

12m ~-–- , - - -  - - ,  –  - -  ,-- - – ,  - -  - T –  7--—T- - -  ~

cdc_intcn+  (m)  - -
‘Ian,p..fwusmwi”  .*--lm /

OL . . . t i ,.. . . . . . . . . . . . . . . . . . .
0 0,01 0,02 0.03 0,o1 0.05 006 0.o1 0.08

bulbhbjcd pMion  (m.km.)
0,09

Figure 9: 1.amp in tcnsit}~ as a function of bulb posi-
tion. ?’hc diamonds connected by a dot ted line are data
points,  measured a ( 2.17 m. The solid  line  is a curve fit
based on the optical model.

of the solar simulator is needed each time the system
is used. ])uring  calibration, position moves arc com-
lnandecl  which are equal to the maximum change  for
each I)OF’.  lhe l)CX controller executes such position
move co~nmands with trapezoidal velocity profile tra-
jectories, with user selectable maximum velocity and
acceleration. Limit switches prevent motion beyond
the stop for each I] OF. lIoming  is then performed in
t h e  s t o p p e d  ( k n o w n )  c o n f i g u r a t i o n .

When controlling ihe system, the same joint posi-
tion move cominands  used for homing can not be used.
This is because the trapezoidal velocity profiles for each
joint will not provide coordinated task space motion.
F’urthcr,  the controller is designed to require stopping
between all joint position motion commands. ‘l’here-

5
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Figure 10: Lamp intensity as a function of distance
from the lamp for several bulb positions. The curve
values, from bottom to top are for y = yO + o with
7. = 0.0889 m [3.5 in] and o = O, 2, 4, 6, and 7.9 cm.

Figure 11: Block  diagram of the solar simuJator  con-
troller.

fore, continuous task space motion is only possible if
the DCX controller is placed in velocity mode, and in-
cremental joint motions are affected by commanding
velocities for known time intervals.

The incremental velocities are computed in a con-
trol loop running on a separate 68020 processor, under
the VxWorks  operating system. Figure 11 is a block

-. diagram of this controller. The forward kinematics, F,
are used to compute the current task variable values,
Xm, from the measured configuration variable values,
o ‘l’he trajectory generation program, T, then dis-
p;ys the task variable values and prompts the user for
new values and a time of transition, Xr. From the old
and new values, an average velocity of transition is de-
termined. Cycling at the predetermined sampling rate,
the trajectory generation routine uses a specified veloc-
ity profile (usually constant) to generate intermediate
task space reference values, Xri. These intermediate
reference values are transformed to their configuration
space counterparts, Org, through the inverse kinemat-
ics, F-l. Every sampling period, tho  measured con-
figuration position values are compared against the in-
termediate reference configuration position values. ‘l’he
difference is multiplied by a gain, K, divided by the
sample time, and sent to the I)CX  controller as the ref-
erence velocity for that cycle. For our implementation,

the sampling period was 50 ms, and the proportional
gain was 10.

6 Summary

This paper haa described our development of a robotic
lighting system for simulating the changes in solar illu-
mination experienced in earth orbit. The system con-
sists of a xenon arc lamp with beam focusing, mounted
on a pan/tilt/translate platform. We have described
our design for this mechanical system, as well as the
kinematic model and calibration data. The four DOFS
have been actuated and computer controlled, allowing
specification of the surface to be illuminated, the angle
of illumination, and the intensity. The resulting sys-
tem effectively simulates changing orbital sunlight con-
ditions, enabling realistic testing of robotic inspection
with our SSF mock-up.
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